Today, the majority of industrial plastic production is dependent on fossil-based petroleum. 40 To reduce this dependency, new polymer production processes based on alternative substrates 41 must be developed. Polyhydroxyalkanoate (PHA) is a microbially produced polyester used for 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Fed batch fermentation (urea) 148 Cultures consisting of 1 L minimal medium with initial concentrations of 20 g/L PO and 2.2 149 g/L urea (75 mM nitrogen) were inoculated with precultures as described above. PO was fed 150 to the fermenter culture as described above. Urea was fed in approximately 0.2 g/L steps (7 Analytical methods 157 Aliquots of 3-14 mL from fermenter cultures were sampled in pre-weighed polypropylene test 158 tubes. The samples were centrifuged for 10-15 min at 6,500 x g and 1 mL of the supernatant 159 was frozen at -20°C. The pellets were washed with a mixture of 5 mL cold water and 2 mL 160 cold hexane to remove residual oil. The washed cell pellet was then resuspended in 2 mL cold 161 water, frozen at -80°C, lyophilized and then the cell dry weight (CDW) was determined. The 162 content and composition of PHA from dried cells were determined using a methanolysis 163 protocol described previously (Budde et al. 2011b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Fed batch fermentation (NH 4 OH), with pH controlled nitrogen feeding 226 While the results of the extended batch fermentation represented an improvement over the 227 initial batch fermentation, we continued to improve fermentation performance using fed batch 228 strategies. Thus, we implemented two fed batch strategies with two different kinds of nitrogen 229 feeding. In both strategies, the initial nitrogen concentration of the culture was 75 mM, and 230 nitrogen was fed to a final concentration of 480 mM as described in Materials and Methods.
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In the first fed batch cultivation ( Figure 2 ), NH 4 Cl was the initial nitrogen source and NH 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Comparison of PHA production from the different fermentations 292 The amount of biomass produced in Re2058/pCB113 fermentations was increased using 293 different strategies, as described above. The amount of total PHA produced increased due to 294 the increase in the total nitrogen supplied to the cultures from either urea or NH4+ (Table I) , 295 along with the adjustment of PO concentration. These increases in the concentrations of 296 as the nitrogen source. In this case, the fold increase of the total nitrogen (6.4 fold, Table I ) 300 added to the culture correlates with the increase in PHA produced by the cultures (5.8 fold, 301   Table I ). However, when the output of the batch culture is compared to that of the pH 302 controlled fed batch fermentation (NH 4 OH) where NH 4 Cl was used as the initial nitrogen 303 source, the increase in PHA production (3.9 fold, Table I ) was significantly smaller than the 304 increase of total nitrogen input (6.4 fold, Table I ). These results suggest that the fed batch 305 strategy with urea as the nitrogen source is the superior PHA production strategy.
306
For efficient industrial scale PHA production, it is important for a production strain to 307 produce large amounts of PHA in a relatively short time. Thus, the space time yield (STY) for 308 all fermentations was calculated. Figure 4 shows that we were able to increase the STY of 309 PHA production from 0.2 g/L/h from the initially described batch fermentation (Budde et al. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 an increase of the total amount of PHA produced and also shorten the fermentation process. A 380 higher biomass could be reached with higher total carbon and nitrogen concentrations along 381 with an adjusted feeding strategy. The lag phase could potentially be shortened by first using a 382 soluble carbon source (e.g. sodium butyrate) in the growth media, so that the carbon would be 383 immediately available for consumption by the cells. Such a procedure would allow for faster 384 growth. A second feeding of oil could then follow, which would be quickly emulsified due to 385 a high cell concentration generating more lipase activity. Another potential method for 386 shortening the lag phase in growth would be to emulsify the initial PO added to the culture 387 while also decreasing the initial PO concentration (decreasing the amount of emulsifying 388 agent needed), and then feeding unemulsified PO. accumulation of over 40% CDW (Figures 1-3 ). This early high PHA production is possibly 393 due to the PHA production genes being located on a plasmid that results in higher gene 394 dosage and consequently higher gene expression.
395
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FIGURE 4
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